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Abstract
The strange particle production off the nucleon induced by neutrinos and antineutrinos is investigated at
low and intermediate energies. We develop a microscopic model based on the SU(3) chiral Lagrangian. The
studied mechanisms are the main source of single kaon production for (anti)neutrino energies up to 1.5 GeV.
Using this model we have also studied the associated production of kaons and hyperons. The cross sections
are large enough to be measured by experiments such as MINERνA, T2K and NOνA.
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I. INTRODUCTION
With the observation of a large θ13, neutrino experiments now pursue the discovery of CP
violation in the leptonic sector, and the precise determination of neutrino mixing parameters.
These goals require a better precision in the measurements, which can only be achieved with a
very good theoretical and experimental understanding of neutrino interactions on both nucleons
and nuclear targets. Not only the study of neutrino induced weak interactions is important to
understand the analysis of the various oscillation experiments, but would also help to unravel
the structure of weak hadronic currents, in particular the strange quark content of the nucleon,
provide better estimates of atmospheric backgrounds for nucleon decay searches and might even
show hints for non-standard interactions. In the last several years, ν − N quasi-elastic and one
pion production processes have been studied in detail [1]. However, not much attention has been
paid to other inelastic channels like single kaon production, associated strange particle production
and single hyperon production [2].
In neutrino induced reactions, the first inelastic process creating strange quarks is the single kaon
(K+ or K0) production. This charged current (CC) |∆S| = 1 process is particularly appealing for
several reasons. One of them is the important background that it could produce, due to atmospheric
neutrino interactions, in the analysis of proton decay experiments. Another reason is its simplicity
from a theoretical point of view. At low energies, it is possible to obtain model independent
predictions using Chiral Perturbation Theory (χPT) and, due to the absence of S = 1 baryonic
resonances at these energies, the range of validity of the calculation could be reliably extended
to energies higher than for other channels. Furthermore, the associated production of kaons and
hyperons has a higher energy threshold (1.10 vs. 0.79 GeV) for νµ induced processes. This implies
that, even when the associated production is not Cabibbo suppressed, for a relatively wide energy
region single kaon production could still be dominant. Similarly, in the case of antineutrino induced
processes on nucleon targets, the threshold for associated antikaon production corresponds to the
K − K¯ channel, and is much higher than for the single kaon case. Therefore, a |∆S| = 1 process,
where an antikaon (K− or K¯0) is produced is the dominant source of antikaons for a wide range
of antineutrino energies. Our study may be useful in the analysis of antineutrino experiments at
MINERνA, NOνA, T2K and others. For instance, MINERνA has plans to investigate several
strange particle production reactions with both neutrino and antineutrino beams [3] with high
statistics. Furthermore, the T2K experiment [4], LBNE experiment [5] as well as beta beam
experiments [6] will work at energies where the single (anti)kaon production may be important.
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Here we present the results of our calculations for (anti)neutrino induced single (anti)kaon
production [7, 8] reactions, and also for the associated production (|∆S| = 0) channel. Our
microscopic model is based on the SU(3) chiral Lagrangian. The basic parameters of the model are
fpi, the pion decay constant, Cabibbo’s angle, the proton and neutron magnetic moments and the
axial vector coupling constants for the baryons octet, D and F , that are obtained from the analysis
of the semileptonic decays of neutron and hyperons. For antineutrino induced single K− or K¯0
production, we have also considered a mechanism with the Σ∗(1385) resonance in the intermediate
state. In Sect.II, we describe the formalism in brief and in Sect.III, the results and discussions are
presented.
II. FORMALISM
The basic reactions for ν(ν¯) CC single kaon production and associated particle production
accompanied by a kaon from a nucleon (p or n) target are,
νl +N → l− +N ′ +K
ν¯l +N → l+ +N ′ + K¯

 CC (∆S = 1) (1)
νl +N → l− + Y +K
ν¯l +N → l+ + Y +K

 CC (∆S = 0) (2)
where l = e, µ, N&N ′ are nucleons and Y denotes a hyperon. The expression for the differential
cross section in lab frame for the above processes is given by
dσ =
(2π)4
4ME
∏
j
d~kj
(2π)32Ej
δ4

∑
i
ki −
∑
j
kj

 Σ¯Σ|M|2. (3)
Here, ki(j) = (Ei(j), ~ki(j)) are the initial(final) 4-momenta and M is the nucleon mass. Σ¯Σ|M|2 is
the square of the transition amplitude averaged (summed) over the spins of the initial (final) state.
At low energies, this amplitude can be written as
M = GF√
2
j(L)µ J
µ (H) =
g
2
√
2
j(L)µ
1
M2W
g
2
√
2
Jµ (H), (4)
where j
(L)
µ and Jµ (H) are the leptonic and hadronic currents respectively, GF is the Fermi coupling
constant and g is the gauge coupling. The leptonic current can be readily obtained from the
standard model Lagrangian coupling of the W bosons to the leptons
L = − g
2
√
2
[
W+µ ν¯lγ
µ(1− γ5)l +W−µ l¯γµ(1− γ5)νl
]
. (5)
3
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FIG. 1: Feynman diagrams for the ν/ν¯(k) +N(p)→ l(k′) +K(pk) + Y (p′)
The hadronic current is obtained using Chiral Perturbation Theory (χPT). The lowest-order SU(3)
chiral Lagrangian describing the pseudo scalar mesons in the presence of an external weak current
is discussed in Refs. [7, 8], and is given by
L(2)M =
f2pi
4
Tr[DµU(D
µU)†] +
f2pi
4
Tr(χU † + Uχ†), (6)
where the parameter fpi = 92.4 MeV is the pion decay constant, U is the SU(3) representation of
the meson fields and its covariant derivative DµU = ∂µU − irµU + iUlµ. In the CC case, the right
and left handed currents, rµ = 0 and lµ = −(g/
√
2)(W+µ T+ +W
−
µ T−), where W
± are the W fields
while the matrices T± define the mixing of quark flavors and depend on the Cabibbo angle. The
lowest-order chiral Lagrangian for the baryon octet in the presence of an external current can be
written as [7]:
L(1)MB = Tr
[
B¯ (i /D −MB)B
]− D
2
Tr
(
B¯γµγ5{uµ, B}
)− F
2
Tr
(
B¯γµγ5 [uµ, B]
)
, (7)
whereMB denotes the mass of the baryon octet and B is the Baryon SU(3) matrix; DµB = ∂µB+
[Γµ, B] where Γµ depends on the meson fields and the external currents rµ and lµ introduced above.
The parameters D = 0.804 and F = 0.463 which are determined from the baryon semileptonic
decays. For the single kaon/antikaon production, the Feynman diagram and the corresponding
hadronic currents are given in Refs. [7, 8]. Here we are discussing explicitly the ∆S=0 channel.
The Feynman diagrams contributing in this case are shown in Fig. 1. The first row consists of
s-channel, t-channel and u-channel diagrams, whereas the next row has the contact and π-pole
terms. Using the chiral Lagrangian for the different interaction vertices, the different contributions
to the hadronic current coupling to the W bosons for the above set of Feynman diagrams are
4
Process ACT BCT ASY AUΣ AUΛ ATY Api
ν¯lp→ l+ΛK0 −
√
3
2
−1
3
(D + 3F ) −1√
6
(D + 3F ) −
√
2
3
(D − F ) 0 −1√
6
(D + 3F )
√
3
2
νln→ l−ΛK+
ν¯lp→ l+Σ0K0 ∓ 1√
2
D − F ∓ 1√
2
(D − F ) ∓√2(D − F ) 0 ± 1√
2
(D − F ) ± 1√
2νln→ l−Σ0K+
ν¯lp→ l+Σ−K+
0 0 D − F D − F 1
3
(D + 3F ) 0 0
νln→ l−Σ+K0
ν¯ln→ l+Σ−K0 −1 D − F 0 F −D 1
3
(D + 3F ) D − F 1
νlp→ l−Σ+K+
TABLE I: Constant factors appearing in the hadronic current. The upper(lower) sign corresponds to the
processes with ν¯(ν).
jµ|CT = iACTVud
√
2
2fpi
u¯Y (p
′) (γµ +BCT γ
µγ5) uN (p)
jµ|SY = iASY Vud
√
2
2fpi
u¯Y (p
′) /pk γ5
/p+ q/+M
(p+ q)2 −M2
(
γµ + i
(µp − µn)
2M
σµνqν
−(D + F )
{
γµ − q
µ
q2 −mpi2 q/
}
γ5
)
uN (p)
jµ|UY = iAUY ′Vud
√
2
2fpi
u¯Y (p
′)HµY ′
/p− /pk +MY ′
(p − pk)2 −M2Y ′
/pk γ5uN (p)
jµ|TY = iATY Vud
√
2
2fpi
(M +MY )u¯Y (p
′)γ5 uN (p)
qµ − 2pµk
(q − pk)2 −m2k
jµ|piP = iApiVud
√
2
4fpi
u¯Y (p
′)(q/ + /pk )uN (p)
qµ
q2 −m2pi
with
HµΛ = i
3µn
4M
σµνqν +D
(
γµ − q/q
µ
q2 −m2pi
)
γ5
HµΣ = γ
µ + i
2µp + µn
4M
σµνqν − F
(
γµ − q/q
µ
q2 −m2pi
)
γ5.
Here Y stands for the hyperon in the final state and Y ′ for the one in the intermediate one in
the u-channel diagram. As the dependence of the different terms on the momentum transferred to
the nucleon is poorly known, if at all, a global dipole form factor F (q2) = (1 − q2/M2A)−2 with a
natural value of MA = 1.05 GeV has been taken for the numerical calculations. It’s effect is small
at relatively low neutrino energies.
5
1 1.5 2
E
ν,ν
 (GeV)
0
5
10
σ
(1
0-
41
  
c
m
2 )
νµ p→µ
−p K+
νµ p→µ
+p K−
νµ n→µ
−
n K+
νµ n→µ
+
n K−
νµ n→µ
−p K0
νµ p→µ
+
nK0
MA = 1.05 GeV
0.8 1 1.2 1.4 1.6 1.8 2
E
ν 
 (GeV)
1.E-4
1.E-3
0.01
0.1
1
σ
 
(1
0-
41
c
m
2 )
All Diagrams
Contact Term
s-channel Σ
s-channel Λ
Σ∗ Resonance
η in Flight
pi in Flight
Kaon Pole
νµ  p → µ
+
 p K−
MA = 1.05 GeV
FIG. 2: Cross section for the |∆S| = 1 single kaon production.
III. RESULTS AND DISCUSSION
The total scattering cross section σ has been obtained from Eq. (3) after integrating over the
kinematical variables. The cross sections for the νµN → µ−N ′K and ν¯µN → µ+N ′K¯ processes
are given in the left panel of Fig. 2 whereas in the right panel we show the explicit dependence
of the different terms of the amplitude for ν¯µp → µ+p′K− 1. It is clear from the figure that the
contact term comes out to be the dominant one. For the said process the other important terms
are u-channel with a Λ in the intermediate state and the π in flight. We have investigated all the
channels for single kaon production and they have almost the same trend [7, 8]. Here it is important
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FIG. 3: Cross section for the |∆S| = 0 associated kaon production.
1 Further details can be found in our papers on kaon production [7, 8]
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to note that the resonant term is not so significant even at high energies, in variance with weak
pion production, where the cross section comes predominantly from the ∆(1232) resonance at the
energies considered here.
Unlike the single kaon production channels, ∆S = 0 processes are not Cabibbo suppressed.
Therefore, they are assumed to be dominant even at low energies. Moreover, there may be im-
portant resonant contributions to the ∆S = 0 processes, which we have not considered in the
present study. However, we must point out that the inclusion of these resonances, which make the
dynamics of these channels more involved, can play a relevant role as it is known from associated
strangeness photoproduction studies. Recently, a model that describes reasonably π, γ → KΛ,KΣ
has been used to predict the corresponding reactions induced by neutrinos in the forward direction
by applying PCAC [9].
Within our model the contact term turns out to be the most dominant contribution followed by
the s- and u- channel diagrams. Using Eq. (3), we have obtained the cross section as a function of
the (anti)neutrino energy. The results are shown in Fig. 3 for neutrino (left panel) and antineutrino
(right panel) induced reactions. We find that the cross sections for the reaction channels with a Λ
in the final state are the largest. This can be understood from the relative strength of the coupling
gNKΛ =
√
3(D + 3F )/(6fpi) vs gNKΣ = −3(D − F )/(6fpi). Furthermore, Λ production is favored
by the available phase space due to its small mass relative to Σ baryons. For νµn→ µ−Σ+K0 and
ν¯µp → µ+Σ−K+ there is no contribution from the contact term and hence the cross sections are
relatively lower.
We have also studied the nature of the Q2 distribution near threshold at 1.5 GeV for
(anti)neutrino induced ∆S = 0 processes and the results are shown in Fig. 4. We also find
that the processes with a Λ in the final state have a sharper peak than the other channels, while
νµn → µ−Σ+K0 has a broader peak. It is also important to note that the Q2 distributions for
antineutrino reactions are more forward peaked than those of the corresponding neutrino channels.
To summarize, in this work we have studied single kaon production and the associated strange
particle production processes on nucleons induced by (anti)neutrinos. The present study, based
on the SU(3) chiral Lagrangians, should be quite reliable at low and intermediate energies as the
parameters of the model are well known. For the single kaon production, we find that the cross
sections are large enough to be measured at the Minerva, T2K and other experiments. Furthermore,
the study of these cross sections may be helpful in estimating background contribution in nucleon
decay searches. The present study of associated particle production is a first step towards a realistic
description of these reactions that would be helpful to update the present models used in neutrino
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FIG. 4: Q2 distribution for |∆S| = 0 channels.
Monte Carlo generators.
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